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SUMMARY 


It  Is  known  that  by  means  of  additional  surfaces «  the 
thrust  of  a  jet  or  jet  sheet  can  be  enhanced  (thrust  augmen 
tatlon).  This  especially  applies  to  Coanda -deflected  jet 
sheets  because  of  the  inherent  stronger  entrainment  into 
curved  flow  surfaces. 

The  flow  from  a  two-dimensional  subsonic  nozzle  ’•.•as 
deflected  by  quadrants.  A  composite  thrust-augmenting  sur¬ 
face  was  added,  and  the  effect  of  its  shape  on  thrust  aug- 
ir.entatlon  was  studied  at  various  nozzle  pressure  ratios  and 
radii  of  the  quadrants. 

This  investigation  yielded  a  roaxlmvun  thrust  augmenta¬ 
tion  of  1.21  for  several  optimum  configurations,  which  was 
governed  primarily  by  the  relative  magnitude  and  direction 
of  the  momentum  of  the  secondary  (entrained)  flow  in  rela¬ 
tion  to  the  primary  (nozzle)  flow  momentum.  Thrust  augmen¬ 
tation  decreased  with  increasing  nozzle  pressure  ratio  but 
was  independent  of  the  quadrant  radius.  Soem  of  the  ob¬ 
served  results  t^ere  predicted  theoretically.  Suggestions 
for  possibly  Introducing  higher  thrust  augmentation  are 
offered. 
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1.  INTRQDUCTIOW 


The  Coanda  effect  is  believed  to  have  a  wide  range 
of  possible  applications  for  V/STOL  aircraft.  For  Instance, 
It  may  be  used  for  turning  two-dimensional  or  annular  jet 
sheets  (replacing  closed  ducts),  for  Instantaneous  thrust 
and  lift  control  (by  means  of  shrouds,  for  example)  during 
transition  frcan  hovering  to  forward  flight,  for  stability 
and  control  purp<.  :is,  or  for  focusing  annular  jets. 

For  all  the  above  applications  of  the  Coanda 
effect,  two  basic  problems  arise: 

(a)  how  to  turn  the  jet  sheet  at  the  minimum  possible 
loss  In  jet  momentum,  and 

(b)  whether,  where  additional  surfaces  are  feasible 
(In  analogy,  e.g.,  with  straight  ejectors),  thrust 
augmentation  is  possible. 

This  experimental  study  deals  with  the  question  of 
augmenting  the  thrust  of  Coanda -deflected  jet  sheets  by 
means  of  additional  (secondary)  surfaces. 
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2.  PBQR^^ 


It  is  known  that  the  free  surface  of  a  Coanda- 
deflected  jet  sheet  entrains  more  ambient  air  (about  twice 
as  much)  as  this  surface  would  entrain  if  it  were  straight. 

A  higher  rate  of  entrainment  causes: 

(a)  faster  mixing j  which  should  lead  to  a  reduction 
of  the  required  mixing  length  and  ducts, 

(b)  Increased  secondary  flow  velocities  and  conse¬ 
quently  reduced  static  pressures  on  secondary  sur¬ 
faces,  which,  if  properly  arranged,  can  augment 
the  basic  jet  momentum  thrust. 

It  is  the  object  of  this  experimental  investiga¬ 
tion  to  find  out  more  about  the  shape  of  thrust  augmenting 
surfaces  for  optimum  thi'ust  augmentation.  To  facilitate 
configurational  changes,  especially  of  the  thrust  augment¬ 
ing  surfaces,  and  to  be  able  to  use  existing  equipment,  a 
two-dimensional  test  setup  was  chosen. 
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3.  THE  TEST  RIG 


The  thrust  augmentation  rig  .'Fig.  1)  consists  of  a 
Coanda  surface  (quadrant)  and  a  serlei?  of  adjustable  flaps 
(the  thrust  augmenting  surfaces;  see  also  (Fig.  3)-  The 
two-dimensional  jet  sheet  ejected  from  t>>e  primary  flow 
nozzle  Is  turned  through  90  deg  by  meann;  of  a  surface  (sec 
Fig.  2).  The  flaps  are  used  to  provide  boundaries  for  the 
mixing  of  the  primary  with  the  secondary  air  flow  and  to 
control  the  air  flow  direction.  Both  quadrants  and  flaps 
are  mounted  between  glass  sidewalls  to  ensure  two-dlmenslon- 
allty.  The  glass  sidewalls  are  8  In.  apart.  Since  the 
nozzle  exit  Is  1/8-ln.  thick,  the  aspect  ratio  of  the  pri¬ 
mary  flow  (Jet  sheet)  Is  Initially  64  while  the  aspect  of 
the  diffuser  averages  out  to  be  only  about  2.  Since  a  mini¬ 
mum  aspect  ratio  of  about  100  would  be  desirable  In  order  to 
keep  ‘all  the  frictional  forces  on  the  side  wall  glass 
plates,  he  observed  thrust  augmentations  should,  In  our 
case  hex.,  be  siibstantlally  less  than  those  which  would  be 
obtained  with  a  primary  £low-to-nozzle  aspect  ratio  of  100 
or  more. 


Three  Coanda  surfaces  or  quadrants  of  radii,  two, 
three,  and  four  Inches,  were  employed.  The  internal  flap 
which  is  attached  directly  to  the  Coanda  surface  remained 
vertical  throughout  the  experiment,  except  for  the  case 
where  It  was  varied  for  the  sole  purpose  of  studying  the 
effect  of  the  change  of  diffuser  angles  on  the  lift  force. 

As  can  be  seen  In  rig.  1,  a  pit,  3  by  2  feet  wide 
and  2-1/2  feet  deep,  was  dug  at  the  exit  of  the  augmenta- 
tion  rig  so  that  any  ground  effect  was  eliminated.  By  using 
t«ro  bent  swtal  sheets,  the  exit  flow  was  divided  Into  t%^ 
parts  and  then  divert^  to  either  side  of  the  augmentation 
rig. 


A 

attached  to 
manner  that 
curved  with 


flexible  sheet  of  metal,  also  8  Inches  wide,  was 
the  top  and  center  external  flaps  In  such  a 
the  surface  exposed  to  the  secondary  flow  was 
Its  two  ends  tangent  to  the  top  and  center  flaps. 
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3.1 


ITS  VARIABUS 


There  are  fifteen  possible  variables  associated 
with  the  experimental  equipment  (Pig.  3)-  Not  only  can  a 
total  of  five  angles  be  altered  (a,  3,  7,  6,  and  0;  along 
with  eight  linear  dimensions  (L,  H,  1,  a,  R,  d,  and  t), 
but  also  the  temperature  and  pressure  ratio  (Tt/Ta  *nd 
Pt/Pa.  respectively)  can  be  varied. 

Of  these  fifteen  independent  variables  shown  In 
Pig.  3»  those  variables  considered  to  be  most  directly  re¬ 
lated  to  the  diffuser  and  secondary  flow  entrance  angles 
(four  angles  and  two  linear  dimensions)  as  well  as  the  pres¬ 
sure  ratio  are  listed  below: 

(a)  a  -  the  angle  between  the  tangent  to  the  lip  of 
the  top  exterior  flap  originating  from  the  top  of 
the  quadrant  (near  the  end  of  the  nozzle)  and  the 
horizontal. 

(b)  p  -  the  angle  of  the  top  exterior  flap  from  its 
vertical  position. 

(c)  7  -  the  angle  of  the  lowest  exterior  flap  from  the 
vertical  position. 

(d)  0  >  the  angle  of  the  interior  flap  (attached  to 
the  Coanda  surface)  from  the  vertical. 

(e)  R  -  the  radius  of  the  Coanda  surface  or  quadrant. 

(f)  d  >  the  width  of  the  channel  (distance  bet«#een  the 
interior  and  center  exterior  flaps). 

(?)  ^/^a  “  ratio  of  the  priattry  flow  total  pres¬ 

sure  to  the  asdsient  atnoapheric  pressure. 

Of  the  above  seven  variables,  the  first  and  siajor 
portion  of  the  experiawnt  involved  the  varJaticm  of  o,  p, 
and  d  while  0  and  y  remained  constant  at  zero  and  six 
degrees  respectively  for  the  two-,  three-  and  four-inch- 
radius  Coanda  surfaces. 

3.2  The  Air  Supply 

A  S)>r3ll  gas  turbine  engine  (Blackburn  and  General 
Aircraft  Turbomeca  Palouste  300),  housed  in  a  soundproof 
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roan  and  remotely  controlled,  was  used  as  a  compressed  air 
source  for  these  tests.  The  compressed  aix,  bled  off  the 
engine  compressor,  could  be  delivered  at  temperatures  of  up 
to  230  deg  centigrade,  at  pressure  ratios  of  up  to  3.7,  zmd 
at  a  weight  flow  of  up  to  2.7  Ib/sec.  A  large  water  cooler 
reduced  the  air  *-emperature  to  about  10°C  (50°P).  This 
cooled  air  was  ducted  to  the  settling  chamber  and  the  sub¬ 
sonic  nozzle  by  means  of  eight-inch-diameter  piping. 

The  mass  flow  was  measured  by  a  U-tubs  water  mano¬ 
meter,  which  indicated  the  pressure  difference  across  an 
orifice  plate  situated  in  an  eight-inch  pipe  through  which 
the  primary  flow  flowed  to  the  settling  chamber.  The  total 
pressure  of  the  primary  flow  va.B  indicated  on  a  mercury 
manometer  board  connected  to  a  pressure  probe  located  in  the 
settling  chcuiiber. 

3.3  The  Balance  Systems 

The  weight  of  the  thrust  augmentation  rig  (see 
Fig.  1)  was  suspended  primarily  by  a  balance  with  a  fixed 
fulcrum  (which  gives  a  constant  lift  for  small  deflections 
of  the  test  rig) ,  and  the  remaining  small  portion  of  the 
rig's  weight  was  suspended  by  a  strain  gauge  balance  system, 
the  deflections  of  the  lever  arm,  causing  a  small  change  in 
lift,  are  included.  The  measurements  of  the  horizontal 
(drag,  Db)  and  vertical  (lift,  Ig)  forces  on  the  thrust  aug¬ 
mentation  rig  by  means  of  the  strain  gauge  balance  were  made 
I>os8ible  by  the  physical  separation  of  the  Coanda  surface 
and  the  nozzle.  During  the  experiment,  this  gap  defined  by 
the  horizontal  distance,  I  ,  and  the  vertical  distance,  a  , 
was  kept  constant  at  t  «  1,A  in.  and  a  «  1/10  in.  with 
the  engine  off.  The  linkages  of  the  strain  gauge  system 
allowed  the  drag  forces  and  the  mutually  perpendicular  com¬ 
ponents  of  the  lift  to  be  measured  independently  of  each 
other.  The  stralrs  associated  with  these  forces  are  measured 
on  an  SR-4  strain  indicator  (type  N),  and  the  actual  forces 
can  be  obtained  directly  frtxn  the  calibration  of  the  balance. 

Furthermore,  force  measurements  on  the  thrust  aug¬ 
menting  surface  alone  were  made  possible  by  avoiding  any 
rigid  physical  connection  between  it  and  the  two  glass 
plates.  The  three  exterior  flaps  were  supported  solely  by 
a  frame  connected  to  another  strain  gauge  system  mounted 
rigidly  to  the  frame  of  the  thrust  augmentation  rig.  Again, 
as  with  the  main  strain  gauge  balance,  both  the  mutually 
perpendicular  lift,  Lp,  and  drag.  Dp,  forces  were  measured 
on  another  SR-4  strain  indicator. 
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All  the  strain  gauge  electrical  bridge  networks 
were  arranged  so  that  they  were  self-compensating  with  re¬ 
spect  to  external  temperature  changes. 

The  nozzle  top  surface  Is  faired  In,  and  the  pres¬ 
sure  on  this  fairing  was  measured  with  six  flush  static 
pressure  taps  (Plg.  2a)  connected  to  a  water  manometer  board, 
giving  the  lift  on  the  nozzle,  Ln[>  assvuning  ambient  atmos¬ 
pheric  pressure  on  the  bottom  surface  uf  the  nozzle.  A  sub¬ 
sonic  nozzle,  seven  inches  In  length,  was  used  in  order  to 
reduce  the  blockage  effect  of  the  settling  tank  on  the 
secondary  flow  along  the  nozzle  top  fairing.  The  thickness 
of  the  exit  slot  of  the  nozzle  was  one-eighth  of  an  inch. 

Thus  the  exit  slot  area  of  the  nozzle  was  one  sqn^are  inch, 
since  its  width  was  eight  inches. 
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4.  ISENTROPIC.  INCOMPRESSIBLE  THEORY  OF  THE  THRUST 

AUGMENTATION  RIG 


There  are  two  main  principles  of  thrust  augmenta¬ 
tion  associated  with  this  experiment.  The  first  is  to  ef¬ 
ficiently  entrain  a  relatively  large  amount  of  ambient  air 
into  the  primary  flow  and  thereby  increase  the  mass  flow, 
mg,  and  decrease  the  exit  velocity,  Vg.  Thus  the  exit  momen¬ 
tum  (m^^Va)  is  increased,  assuming  that  frictional  effects 
cause  relatively  low  energy  losses. 

The  second  aspect  of  this  thrust  augmentation  rig 
is  that  the  vectorial  difference  between  the  outlet  and 
inlet  momentum  in  the  direction  perpendicular  to  the  initial 
direction  of  the  primary  flow  can  oe  Increased  by  varying  thf 
shai)e  of  the  external  flap  combination. 

Thus  the  vertical  reaction  force  or  lift  can  be 
increased  to  a  value  greater  than  the  reaction  force  from  a 
simple  unshrouded  subsonic  nozsle. 

4.1  MOMBMTUM  BOX  THEORY 

Figure  4  Illustrates  a  general  form  of  the  uhrust 
auginentati<m  rig  with  the  angles  of  the  flow  streamlines 
defined  at  the  entrance  and  exit  areas.  The  primc.ry  flow 
variables  have  the  subscript  1,  and  the  inlet  station  con¬ 
sidered  is  at  the  throat  of  the  nozsle  (of  area  ) .  The 
secondary  flow  variables,  denoted  by  the  subscript  2,  in¬ 
clude  the  velocity,  Va  $  st  the  entrance  area,  A^  ,  lo¬ 
cated  between  the  nozzle  exit  and  the  lip  of  the  top  exterior 
flap.  The  angle  of  entrance  of  the  secondary  flow  stream¬ 
lines  to  the  vertical  is  e  .  The  secondary  flow  entrance, 

A^  ,  as  shown  in  Fig.  4,  has  identical  notations  except  that 
a  prime  mark  is  used.  Zt  is  assumed  that  at  point  X  on 
the  nozzle,  the  secondary  flow  velocity  over  the  nozzle  ap¬ 
proaches  zero  (from  a  maximui's  value  at  the  exit  of  the  nozzle, 
Thus  the  vertical  reaction  force,  Fy  ,  will  include  the  lift 
over  the  nozzle.  It  is  furthermore  assumed  that  a  normal  to 
the  exit  area,  Ag  ,  xs  parallel  to  the  vertical  streamlines 
of  the  uniform  outlet  velocity,  Vg,*  and  the  uniform  static 
pressure  at  the  exit  is  assumed  to  equal  the  ambient  atmos¬ 
pheric  pressure. 
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Let  Fy  and  i>e  the  resultant  verLicaJ. 

;  j. -dix'oction)  and  horii'.ontal  (x-direction)  internal  wall 
reaction  forces  respectively.  Idius  the  vertical  lift  cn  the 
thrust  augmentation  rig  as  well  as  on  the  nozzle  is  ideally 


p  (V  -P 

so  3  a 


3 


-  f  [,o  ’  ( V  I  ^cos (t  ' -a '  )cos  e’  +  (p’-P  ) 
^ ,  a  r '  2  a 


cos  G '  ]dA'  ( 4  -  la  ; 


while 


H 


/ipy;  -1  (p; 

A, 


/  [p  ( V' )  ^cos(c  ’ -a)  sin  e’  +  (p'-P  )sin  a']*d?^'  . 
^,22'  2a  2  ' 


The  ab£ve  equations  can  be  simplified  by  defining 
a  ^  erm_i,  X  =  [V^/(V)^],  the  ratio  of  the  mean  square  ve- 
J^ocity  V®  -  1/a  /a  v^dA  to  the  square  of  the  mean  value 
V  -  1/a/a  VdA  .  By  integrating  the  properties  of  the 
flow  ove£  the  cross-sectional  A^  ,  Bernoulli's  equation  be¬ 
comes  (p^-Pa)  “  ’~Po/^  where  the  mean  pressure  is 

defined  in  general  By  p  -  l/A  pdA.  Further,  the  values 
for  cos  a*  ,  sin  a*  ,  cos  €•  and  sin  e*  within  the  inte¬ 
grals  can  be  averaged  as  shown  below  for  instance  for  the 
case  of  cos  a'  . 


cos  a*  =  -  f  (cos  a'){p'  -  P  )dA' 

/  (p«  -  ?  )dA»  'a'  2  a  2 

1  2  -a  a  2 

2 


(V  )^cos  a' 


dA' 

2 


(4-2) 
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As  the  flow  becomes  more  non-uniform,  the  term 
X  rises  above  unity,  its  minimum  value  for  a  uniform 
velocity  profiJe.  Making  use  of  the  above  expressions  and 
assuming  the  exit  and  secondary  flows  to  be  incon^ressible, 
it  can  be  shown  that 

=  p  [ +  2 


-  I  (V')2cos{e' 

A«  2 
2 

while 


a‘ )cos  e » 


dA«  ] 

2 


(4-3a) 


-F*  = 


p  X  (V  )2a  + 

ill  1 


(p^  - 


P  )A 
a  1 


_  £ 
2 


X»  (V  sin  a'  A« 

2  2  2 


+  J  p(V')®cos(€'  -  a*)sin  e»  dA'  .  {4-3b) 

A1  2  2 


For  the  condition  of  a*  *  e'  (as  for  instance 
along  area  A^)«  the  last  term  in  Bq.  (4-3a)  becomes 


(V‘)*coa  a'  dA* 
,1  «  2 
a 


«diich  then  can  be  reduced  to 

coa  a'  /  -  coa  a*  X'(V»)*A'  .  (4-4) 

Xi  •  a  a  a  2 

a 

Coafcining  now  the  Xaat  t%ro  equations  furnishes 


cos  a*  ■  ^  . . /  (V')®cos  o'  dA* 

X'(V*)»A*  A*  »  ® 

2  2  2  2 


10 


which  is  the  same  expression  as  that  previously  given  as 
Eq.  (4-2).  The  equation  for  the  vertical  lift,  can 
then  be  greatly  simplified  euid  becomes 


-  I  X* 
2  2 


cos  a* 


(4-5a) 


This  equation  expresses  the  fact  that  fO’  becomes 
a  maximum  when  the  inlet  momentiun  along  the  vertical 
y-coordinate  is  zero  for  both  the  primary  and  secondary  flow. 
This  condition  is  fulfilled  for  the  secondary  flow  if  e ' 

(and  a')  approach  90  deg.  However^  in  general,  the  angle  e' 
is  not  large.  (It  was  found  that  the  secondary  flow  stream¬ 
lines  near  the  nozzle  follow  the  contour  of  the  nozzle  while 
the  flow  near  the  lip  of  the  exterior  flap  follows  the  lip 
contour.  Thus,  the  flow  near  the  nozzle  has  a  high  value  of 
e'  ,  which  is  desirable,  while  most  of  the  flow  near  the 
lip  approaches  under  a  relatively  low  angle  e ' ) • 

The  object  of  this  experlnent  %mis  to  Increase  e* 
or  e  as  much  as  possible,  while  keeping  the  secondary  flow 
inlet  momentum  as  large  as  possible.  If  one  assusws  that 
the  inlet  momentum  (of  primary  and  secondary  flow)  resMins 
constant  for  given  values  of  a  and  d/t  ,  Independently  of 
^  (see  Fig.  3),  then  increasing  c  to  an  optisnaa  value 
could,  it  seems,  be  achieved  by  varying  the  angle,  3  ,  of 
the  top  exterior  flap. 

For  the  condition  o*  ^  c*  ,  the  horizontal  reac¬ 
tion  force  component  F^  can  be  obtained  as 

■'b  “  "i  i  fK  'in  o’  (v;)*A^  (»-9>) 

assuming  that  the  tens  (T  -  Fa)h^  Is  small  enough  to  be 
neglected. 


4.2 


According  to  BLASIUS's  THBOKBN,  the  resultant 
force  of  an  Ideal  flow  acting  on  a  t«ro-dliBsnslonal  body  Is 
always  perpendicular  to  the  free  stream  direction,  or,  the 
resultant  force  (thrust  or  drag)  in  the  direction  of  the 
free  stream  Is  zero.  To  make  an  analysis  possible  of  the 
otherwise  very  complex  real  flow  model  under  experimental 
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investigation  in  this  study,  ideal  and  incompressible  fluid 
flow  is  assumed.  Applying  BLASIUS  THEOREM  to  the  ideal 
fluid  flow  through  a  straight  (not  curved)  duct,  the  moinen-’ 
turn  equation  (zero  thrust  or  drag)  reduces  to 


P  /  (V*)®co6(€‘  -  a')dA'  +  (p*  “  P  )A« 

2  a  a  a  2 

a 

+  p,v2a  +  (p  -  P  )A  =  p  A  Vf  (4-6) 

■L  X  Ja  JL  Q  A  3  3 


assvunlng  that  Pg  »  Pa«  If  the  duct  is  curved,  as  it  is  in 
the  configuration  here  under  investigation,  Eq.  (4-6)  still 
applies  for  the  above  stated  assumptions.  External  (wall) 
forces  solely  force  the  flow  to  change  its  direction  but  do 
not  Induce  any  velocity  or  pressure  changes  of  the  primary 
and  secondary  flows  at  inlet  or  of  the  mixed  flow  at  the 
outlet  cross  section. 

Since  A^  is  many  times  larger  than  A^^  and 
assuming  that  the  average  static  pressure  of  the  primary 
flow  is  ap£roxlmately  equal  to  that  of  the  secondary  flow, 
the  term  (Pj.  '  Pa)^^  ls«  in  the  following  discussion, 
omitted  since  it  is  considered  negligible  in  comparison 
with  (p^  -  l^a)A^*  Ccmsequently,  the  outlet  momentum  equals 


p«A  »  u  ‘A  •  V* 
^  3»  3  X  X 


+  P 


/  (V*)*cos(c'-a')‘dA'  •  A' 

L*  J 


(4-7) 


Substituting  Bq.  (4-7)  in  Bq.  (4-3),  the  following  expression 
is  obtained t 


r. 


-  p  •  A  ^ 
/  11 

r- 


/  [(V*)*  '  cos(€ '-o* )  -  (V  )^  .  cos(€*-a')  *  cos(c‘)]*dA' 


A'  ® 
-  2 


2  <''P' 


A'  •  COS 
2 


a* 


(4-8) 


12 


Consequently,  the  amount  of  thrust  augmentation, 

’  .  defined  as  the  ratio  of  the  vertical  measured  lift,  I/£  , 

corresponding  to  F'\Jr)  to  the  Isentropic  thrust  of  the  un- 
iCurouded  nozzle,  (Pi'Vf  ,  would  be  ideally 


•Up 

•  A  ) 
1  1 


p 


j  ('  V '  )  ^  •  COS  ( e  '  -r '  )  •  [  1-cos 
A '  2 

_ _ 


e «  ]  -dA* 
2 


-  h  • (V« )^(l-cos  a«  )A' 
2  2  2 


(4-9) 


assuming  that  the  isentropic  thrust  •  v|  •  equals 

the  measured  primary  flow  momentum,  •  vf  •  . 

Comparing  the  momentum  term,  /a^ )f^cos(e '  -  a' )• 
[1-cos  e«]*dA*j,  ,  with  the  pressure  term,  X^(V|)^*l/2‘ 
{1-cos  a')*Ai  V  it  can  be  seen  that  cos(e*-a*)  corresponds 
to  1/2  while  (l-cos  e«)  corresponds  to  (l-cos  a‘/  As 
long  as  cos(e'-a')  is  greater  than  1/2  or  |  e'  -  a*  ! 
is  loss  than  60  deg,  then  the  flow  should  enter  at  the 
largest  angle  of  e»  possible,  even  at  the  cost  of  decreas¬ 
ing  (cos  a’)  in  order  that  the  highest  value  of  augmentation 
is  obta''ned. 

If  ideal  conditions  were  present  such  that  a  maxi¬ 
mum  amount  of  mass  flow  was  entrained  for  a  given  area  and 
average  velocity  (that  is,  the  streamlines  are  parallel  to 
the  normal  vector  of  the  entrance  area,  or  if  a*  =  €'), 

then 


*  A^  '  ^ 

1  1 

« 

Under  the  above  conditions,  maximization  occurs  upon  maxi¬ 
mizing  (the  non-uniformity  of  the  velocity  profile  at 

the  secondary  flow  entrance  area)  as  well  as  e*.  In  causing 
X  \  to  increase  the  total  momentum,  composed  of  both  the 
momentum  terms  (p  •  vj^  •  A^ )  and  the  pressure  contributions 


•^i  1 
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([Pa  "  Po]  *  A^)  are  augmented.  Furthermore,  if  e '  is  made 
larger,  the  vectorial  difference  between  the  outlet  and  Inlet 
dynamic  momentum  Is  Increased  in  the  outlet  momentum's  direc¬ 
tion.  Thus  it  can  be  seen  that  the  thrust  augmentation  is 
simply  caused  by  the  change  in  the  total  momentum's  magni¬ 
tude  and  direction  of  the  entrained  (secondary)  flow,  (if 
a'  =  e'  =0°,  then  <1>  =  1.0  even  if  is  large.) 

Since  it  is  desired  that  the  secondary  or  entrained 
flow  undergo  the  greatest  change  in  total  momentum,  it  would 
seem  advantageous  that  through  mixing,  the  primary  flow 
should  lose  the  largest  possible  amount  of  momentum  to  the 
secondary  flow.  This  would  lead  to  a  uniform  exit  velocity 
profile  or  X3  =  1.0  ,  assuming  that  the  static  pressure  at 
the  exit  is  equal  to  the  auiblent  pressure. 

The  degree  of  momentuiTi  transfer  and  the  loss  of 
energy  are  major  factors  in  thrust  augmentation.  Since  en¬ 
trainment  relies  on  viscosity,  and  since  viscosity  Induces 
frictional  losses,  the  kinetic  energy  of  the  exit  flow  can¬ 
not  equal  that  of  the  primary  flow.  Defining  a  mixing  effi¬ 
ciency  as  the  ratio  of  the  kinetic  energy  of  the  exit  to 
primary  flow. 


(V  )« 
s'  1 


(4-11) 


The  efficiency  of  this  experiment  was  found  to  be  approxi¬ 
mately  20  per  cent.  Of  course,  the  lower  the  mixing  effi¬ 
ciency,  the  lower  Is  the  entrained  mass  flow  and  exit  momen¬ 
tum. 

4.3  Tht  contUittiW  imtign 

Consider  the  continuity  and  momentum  equations! 


p  ‘V  ‘A  +  pf  V  .oos(€'-a')  •  dA'  »  p.V  -A  (4-12) 

irXj^lS  2  33 


P*N*^3  "  P 


•A  +  p  ,/  (V 
"  "  "  [^2  * 


)®cos(€ '-a' ) -dA'-X'/a- (V  )*'A' 
2  2222 


(4-7) 
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Prom  Eq.  (4-12), 


(V 

®  cos®(e '-a' ) 
z 


-  [a*  V  -  ^  A'  •  V  1  (4-13) 

L  32  3  P  12  1 J 

where  the  average  values  of  cos(e'-o*)  are  defined  as; 


cos 


(e  ‘ -a* )  =  - — -  •  /  (v*  )**cos(e '-o' ) -dA* 

X'(V')^-A'  A«  2  2 


2  2 


COS 


(c'l -  /  (V‘)  .  cos(e'  -  a')*dA'  .  (4-14) 

Ve.  u  2  2 


V«  •  A‘  A» 

2  2  2 


Combining  Eqs.  (4-13)  with  (4-7)  gives  Eq.  (4-15). 


^  •  (V  •  A  •  (V  )®  •  X  +  V 

3  3  p  13  1  1  2 

\«  [(A»  )®-(V  )®  +  (A'  )®.(V  )“(^)  -  2  ^  A*  ‘A*  ‘V  'V  ] 

23  32  3  12  1  P  32  12  3  1 

(4-15) 


where 


or 


co«  (€»-a')-i 

X"  «  XI  '  ■  ■  '*■ - 8. 

*  •  co»*(c ‘-a* ) 


-  KKJ  -V  -(p  /p)] 

3  3  2  32  3  2  la  1  1 


(4-16) 


-  (V  )*[X  -A  ‘(p  /p)  +  X”.A'  -A*  (p  /p)*]  -  0  .  (4-17) 

l'  1  13  2  23  XZ  \  1/ 


15 


If  cos,(e'-a')  and  0082(6' -a* )  are  approximtely  equal, 
then  Xg  has  a  maximum  value  of  about  X^/2  for  the  case 
where  e»  =  a' .  Solving  Eg.  (4.17), 


For  X  =1.0,  Eq.  (4-12)  yields 

3 


(4-18) 


Assuming  that  the  shape  of  A^  is  chosen  such  that 
its  normal  is  parallel  to  the  corresponding  local  velocity 
vector  (that  is,  e'  =0'),  the  value  of  thrust  augmentation, 
<t)  ,  equals  (from  Bq.  4»10) 


where 


16 


For  a  given  optimum  physical  configuration  and 
suitably  high  values  of  e'  and  a*  >  It  would  seem  to  be 
desirable  for  the  shape  of  A'  (as  defined  above)  to  ap¬ 
proach  a  straight  line,  as  Indicated  in  Fig.  4  by  A^*'  , 
causing  the  effective  value  of  A^  to  become  smaller. 

The  product  A^g  •  in  Eg.  (4-20),  cannot  ex¬ 
ceed  unity  In  order  that  4)  be  a  real  number.  However,  if 
A^g  .  Ag  approaches  unity,  4)  is  also  Increased.  If 
A”  =  'K^/2,  then  the  maximum  value  of  Aig  Is  2/A^  for 
e*  =  a*  .  However,  the  larger  |  e ' -a‘  Incomes,  the  larger 
and/or  A^g  must  be,  to  compensate  for  any  loss  in 
thrust  augmentation. 

In  conjunction  with  A^g  being  large,  A^j^  should 
be  small,  or  A^  (or  Ag)  should  be  as  small  as  possible. 
Furthermore,  it  would  be  preferable  for  the  primary  flow  to 
be  incompressible. 

In  conclusion,  it  can  be  said  that  a  positive  con¬ 
tribution  to  thrust  augmentation  can  be  obtained  only  if  at 
least  a  portion  of  the  entrained  air  enters  the  system  at  an 
angle  different  from  the  exit  flow  angle.  Also,  the  entrance 
area  of  the  entrained  flow  should  be  as  small  as  possible 
while  the  inlet  mcxnentum  of  the  entrained  flow  should  naturally 
be  high. 


If  the  momentum  box  is  extended  to  include  also 
the  complete  primary  air  supply  unit  (as,  e.g.,  in  an  air¬ 
borne  self-contained  vehicle;  and  if  the  inlet  momentum  of 
the  flow  into  this  unit  is  assumed  to  be  parallel  to  and  in 
the  same  direction  as  the  outlet  momentum  (p.  •  ^  •  A,), 
then  this  inlet  momentum  must  be  subtracted  from  the  result¬ 
ing  lift  force  of  the  thrust  augmentation  rig.  Another  case 
is  the  possibility  of  having  tha  inlet  momentum  of  the  pri¬ 
mary  flow  Miter  the  air  supply  unit  at  right  angles  or  even 
in  the  opposite  direction  to  the  final  outlet  momentum,  and 
thus  potentially  optimising  the  resultant  thrust  augmenta¬ 
tion. 


In  addition,  the  flow  over  a  Coanda  surface  en¬ 
trains  almost  as  much  as  a  free  jet  entrains  on  both  un¬ 
bounded  surfaces. 

4.4  Theoretical  Lift  on  the  Coanda  Surface 

The  major  portion  of  the  total  lift  is  contributed 
by  the  Coanda  surface.  If  one  could  define  the  primary  flow 
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accurately  as  It  flows  around  the  Coanda  surface^  then, 
theoretically,  the  pressure  difference  across  it,  Ap,  could 
be  obtained  by  equating  it  to  the  centrifugal  force. 

Thus  the  pressure  on  tne  Coanda  surface,  p^  , 
would  be  equal  to  th';  static  pressure,  Pg  ,  on  the  free  sur¬ 
face  of  the  primary  flow  jet  sheet  minus  the  pressure  dif¬ 
ference,  Ap  =  Ps  “  Pc  >  which  is  Ideally  constant  for  a 
given  nos:zle,  quadrant,  and  pressure  ratio.  Assuming  am¬ 
bient  atmospheric  pressure  below  the  Coanda  surface  of  radius 
R  ,  the  lift  on  the  quadrant  becomes 


-  Pc)  =  R(Pa  -  fPs  -  '^P))  =  PfPa  *  Ps)  +  Pi  '  ‘  ^ 

=  +  p  •  (R/2)  •  V| 

(4-21) 


where  p^  is  the  pressure  on  the  Coanda  surface  and 
(Pa  -  Ps)  =  1/2  •  p  •  v|.  Since  R  is  32  times  the  value 
of  t  for  the  1/8 -in.  nozzle  and  4.0-ln.  quadrant,  it  would 
seem  that  a  large  lift  could  be  obtained  if  the  flow  velocity 
Vg  j  was  high  at  the  free  surface  of  the  primary  flow.  For 
a  set  value  of  d/t  and  a  ,  the  velocity  of  the  secondary 
flow,  Vg  ,  can  be  increased  by  increasing  the  exterior  top 
flap  amgle,  ^  ,  and  thus  by  decreasing  the  entrance  area, 

Ag  .  However.  If  the  secondary  flow  velocity  remains  high 
(and  It  does)  at  the  surface  of  the  exterior  flap,  then  the 
gain  In  lift  on  the  Coanda  surface  may  be  eliminated  by  the 
Increased  negative  lift  on  the  external  flap,  since  there 
Is  a  larger  projected  area  In  the  horizontal  plane  If  ^  is 
large . 
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3.  PROCEDURE 


5.1  PROCEDURE  INDEPENDENT  OF  THE  PRESSURE  RATIO  OR 

COMTOA  SURFACE  USED  “ 

For  any  one  of  the  three  quadrants  considered,  the 
angles,  a  and  ^  ,  and  the  channel  width,  d  ,  were  varied 
while  the  diffuser  angles,  7  and  <i>  ,  remained  constant  at 
6  deg  and  0  deg  respectively.  Since  the  diffuser  angles  re¬ 
mained  constant,  the  main  change  in  the  diffuser  shape  was 
caused  by  the  variation  of  d  ,  the  channel  width.  One  can 
see  that  for  a  given  value  of  p  and  d  ,  the  height  of  the 
three  exterior  flaps  (or  augmenting  surface)  with  respect  to 
the  Coanda  surface  can  be  varied  by  changing  the  angle  a  . 
However,  by  altering  the  length  of  the  bottom  exterior  flap, 

N  (Fig.  3))  by  extension  pieces,  the  length  of  the  diffuser 
can  be  maintained  at  a  constant  length  equal  to  the  length 
of  the  interior  flap,  M. 

Before  each  r\m,  the  three  external  flaps  «^re 
fixed  at  the  desired  positions  corresponding  to  the  required 
values  of  a,  0,  and  7.  The  sero  readings  for  all  the  lift 
and  drag  strain  gauges  were  then  taken  on  the  SR-4  strain 
indicators.  In  taking  the  sero  force  readings  of  the  thrust 
augmentation  flaps,  care  wee  taken  to  obtain  the  true  values, 
^.e.,  to  eliminate  the  friction  bet«ieen  the  sides  of  the 
fiaps  and  the  glass  side  plates  which  could  cause  the  flaps 
not  to  return  to  the  exact  equlllbrluM  position.  The 
Palouste  gas  turbine  engine  was  then  started,  the  required 
pressure  ratio  was  set,  and  the  test  readings  were  taken. 

Next,  the  nossle  top  fairing  with  its  six  flush 
pressure  taps  was  placed  on  the  nossle,  and  the  readings 
were- observed  on  a  i«eter  nsinoaMter  board.  The  fairing  pres¬ 
sure  varied  smoothly  along  this  surface.  Since  physical 
limitations  did  not  allow  pressure  taps  tp  be  located  as  far 
forward  as  the  tip  of  the  fairing,  the  pressure  readings  of 
the  six  pressure  taps  were  extrapolated  for  the  fairing  tip 
pressure.  Thus  the  lift  on  the  nossle  could  be  calculated 
assuming  ambient  pressure  on  the  lower  side  of  the  nossle. 

This  lift.  If},  associated  with  the  nossle,  was  then 
added  to  the  lift,  Lq,  exerted  on  the  entire  thrust  augmenta¬ 
tion  rig,  to  give  the  total  lift,  Lp  . 
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5.2 


The  Three-Inch  Coanda  Surface 


The  first  Coanda  surface  (quadrant  tested)  was  of 
3-ln.  radius,  and  all  the  combinations  of  angles  between  0 
and  90  deg  at  30-deg  intervals  (0°,  30°,  60°,  90'^)  for  both 
a  and  ^  were  considered  while  the  channel  width,  d  ,  was 
varied  (i.e.,  combinations  of  a  =  0°,  30°,  60°,  90°  with 
P  =  0°,  30°,  60°,  90°)  for  a  pressure  ratio  of  I.50. 

After  these  data  had  been  collected,  it  was  noted 
that  when  the  total  lift  on  the  rig,  Lbj  was  plotted  against 
d  (whether  oz  not  a  fixed  value  of  a  or  3  was  maintained) 
two  general  types  of  curves  resulted.  One  type  of  curve  in¬ 
dicated  a  monotonic  increase  in  lift  with  d  and  an  asymtotl*. 
approach  to  a  value  of  lift  approximately  equal  to  the  isen- 
tropic  thrust,  of  the  primary  flow.  In  other  words,  no 

thrust  augmentation  occurred  (see,  for  example.  Fig.  15^). 
However,  with  the  other  type  of  curves,  the  lift  of  the  rig 
Increased  with  d  as  before,  but  a  maximum  was  reached  for 
d  ~  3  inches,  which  was  greater,  than  the  isentropic  thrust 
of  the  primary  flow,  Th^.  Then,  as  d  was  increased  further 
the  lift  decreased  toward  a  value  approximately  equal  to 
Th^.  The  characteristics  of  the  second  type  of  curves  showed 
that  there  was  a  maximum  vertical  lift  for  d/t  equal  to 
about  26  where  t  ,  the  thickness  of  the  nozzle  exit,  is 
1/B  in.  It  './as  also  noted  that  the  latter  characteristics 
were  strongest  for  the  cases  where: 


(1) 

a  -  30°, 

P  -  0°, 

d/t  «=  26.0 

(Pig. 

15b) 

(2) 

a  ■  60°, 

P  -  30°, 

d/t  -  26.0 

(F-g. 

l3b) 

(3) 

a  -  90‘>, 

P  -  60°, 

g/t  ■  60. Ot 

(Pig. 

23a) 

where  9  (see  rigs.  3  and  6)  is  the  distance  from  the  top  of 
the  quadrant  next  to  the  noszle  to  the  lip  of  the  top  ex¬ 
terior  flap.  Zn  the  last  case  where  a  90°,  d  is  entirely 
dependent  on  the  angle  3  ;  thus  the  variable  g/t  is  used 
since  d/t  reauiins  constant  if  p  is  constant.  Thus,  case 
(3)  is  not  as  truly  indicative  as  cases  (1)  and  (2),  since 
the  vertical  lift  Is  highly  dependent  on  the  value  of  d/t. 

However,  the  result  did  infer  a  possibility  that 
a  linear  relationship  may  exist  between  a  and  p  (i.e., 
a  -  p  s  30°)  for  the  cases  where  a  maximum  in  thrust  augmen¬ 
tation  might  occur. 
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To  test  w,iether  a  linear  relationship  did  exists 
the  intervals  at  which  the  angles  of  a  and  p  ware  changed 
were  reduced  to  10  deg  from  30  deg.  The  effect  of  keeping  3 
constant  at  certain  values  while  a  and  d  were  varied  was 
examined.  Also^  a  was  kept  constant  at  specific  angles 
while  3  and  d  were  varied  appropriately  in  consideration 
of  the  possible  linear  relationship.  As  observed  from  the 
results  indicated  in  Figs.  23t>,  24a  and  b,  and  25^1  and  b- 
the  relationship  a  -  3  =  30®  +  2°  seemed  to  hold  true  for 
the  lift  on  the  thrust  augmentation  rig.  using  the 
Coanoa  surface  at  a  pressure  ratio  of  Pt/Pa  ==  1.50- 

0  •  3  The  Two- 1 jic h  Quadrant 

Nextj  the  two-in.  Coanda  surface  (as  showii  in 
Flo.  2a)  was  used  in  place  of  the  three-in.  quadrant,  wit}; 
t:}ie  interior  flap  ^♦-ill  vertical  and  the  bottom  external 
flap  again  at  srx  grees  to  the  vertical.  A  test  similar 
to  that  conducted  for  the  three-in.  quadrant  was  performed 
to  see  if  there  was  still  a  linear  relationship  between  a 
and  3  .  As  can  be  observed  from  Figs.  12  and  I3,  the  re¬ 
lationship  a  -  3  ^0°  +  2°  seems  to  yield  the  maximum 

yalue  of  total  lift,  tyj  ,  if  d/t  has  a  value  of  about  26. 
It  should  also  be  noted  in  Fig.  13a  that  for  a  =  90°  ,  the 
maximum  Lr  is  at  3  equal  to  about  5^  deg  since  d  , 
which  increases  with  3  tends  towards  the  optimum  width 
of  d/t  =  26. 

5.^  The  Four-Inch  Quadrant 

Again  using  the  same  diffuser  angles  and  1  pres¬ 
sure  ratio  of  1.50^  the  four-in.  quadrant  was  tested  in  a 
procedure  similar  to  that  outlined  for  the  two  preceding 
Coanda  surfaces.  It  was  observed  that  a  -  3  «  20°  +  2  for 
d/'t  equal  to  about  26  yielded  the  maximum  set  of  total 
lifts,  Lt  .  (See  Pigs.  32  and  33.) 

5 •  5  Effect  of  Pressure  Ratio 


Keeping  the  four-in.  quadrant  in  place,  the  pres¬ 
sure  ratio,  Pt/Pa  ^  was  increased  frcan  I.5C  to  I.89  and 
then  to  2.00  for  the  same  positions  of  a,  3/  und  d.  Conse¬ 
quently,  the  primary  jet  flow  was  sonic  for  the  pressure 
ratio  of  1,89  and  underexijanded  for  the  pressure  ratio  of 
2.00,  since  the  nozzle  was  subsonic  in  design. 
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The  saiae  angxe  reJat  Ion  snip,  a  -  g  =  20°  +  2°  , 
was  observed  again  at  the  pressure  ratios  of  1.89  39 

and  40)  and  2.0u  (Figs.  46  and  47)  But  the  non-diinensionai 
channel  width,  d/t  .  corresponding  to  the  maximum  lift  was 
increased  ( fron.  P.3  at  pt/Pa  =  l.fjO)  to  about  23  fer  the 
primary  flow  ?t  aonic  velocity.  For  the  underexpanded  flow, 
d/t  was  found  to  be  b^twsen  38  and  30. 

5 •  ^  Non-Dimeiigior.alized  Measured  Forces 

2ach  non-dlmemional"  force  wats  obtained  by  taking 
the  actual  measured  force,  F  (reduced  to  pounds),  and  divid¬ 
ing  it  by  the  corresponding  product  of  the  loass  flow,  m  , 
and  Vt  ,  ti;e  square  root  of  the  total  primary  flow  tempera¬ 
ture  in  degrees  Ranklne.  Theva.ues  of  m  -  vT  are  0.342, 
0.459  anu  0.488  'slues/ sec.  \^R)  for  the  pressure  ratios  of 
1.50..  1.89  and  2.0c  respectively  and  a*-  the  atmospheric 
pressure  ot  29.^4  in.  of  mercury. 

5 . 7  Def init i on  o f  Thrust  Augmentation 

The  definitlcii  of  thrust  augmentation  used  was  the 
ratio  of  tne  mwisured  "non-dimersional”  total  lift,  Lr/n» '/t~, 
to  the  ideal  or  isentropic  "nor-dimensional"  jet  thrust 
given  by 


2*R*T. 


(Pt/p.)  ^  - 1 


Thus 


mVF  •  v/Vt 


(5-1) 


(5-2) 


Assuming  a  nossle  exit  area  of  exactly  1.00  sq.  in. 
with  a  1.50  pressure  ratio,  the  isentropic  thrust  at  an  am¬ 
bient  pressure  of  29.44  in.  of  mercury  would  be  12.46  lb. 

The  measured  value  of  m  •  >/t  ws  0.342  slug/scc  , 

while  the  ideal  value  for  V/  n/t  for  a  pressure  ratio  of 
1.50  is  36.2  ft/sec  -  V^R.  Thus  the  measured  thrust,  br  , 
is  12.40  lb.  The  difference  between  the  isentropic  thrust 
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and  the  measured  thrust  is  less  than  one  percent  (see  Sec. 
6.3.^  for  an  explanation).  Also,  the  exit  area  of  the  l/B-in. 
nozzle  might  be  slightly  larger  than  1.00  sq.  in. 

5 . 8  Effect  of  Pi f fuser  Angles 

The  variation  of  the  total  lift  and  drag  was  in¬ 
vestigated  at  a  =  60°,  p  ==  40°  and  d/t  »  26  for  the  four- 
in.  quadrant.  The  interior  flap  angle,  0  ,  was  set  at  0°, 

-1°  and  -2°;  and  7  ,  which  was  6  deg  throughout  the  previous 
experiments,  was  varied.  The  results  are  shown  in  Figs.  49 
and  50*  Figure  50b  Indicates  a  slight  gain  in  the  ’’non- 
dimensional"  total  lift  for  <t>  =  -1®  r  but  when  <t>  is  in¬ 
creased  to  -2°,  the  lift  drops  substantially.  Note  also 
that  the  diffuser  yields  the  optimum  Lx  at  an  included 
angle  of  7-^-6°  for  all  three  values  of  <f>  . 

Separation  of  flow  seems  to  occur  at  7  /  7°  #  as 
indicated,  especially  in  Fig.  49b,  by  the  sudden  decrease  in 
lift  in  the  region  of  larger  7.  values.  This  was  also  ob¬ 
served  by  the  DeHavlllancI  Aircraft  of  Canada,  Limited. 

By  the  use  of  wool  tufts,  it  was  found  that  at 
0  -  0°  and  7  =  6°,  the  outlet  flo<’  was  vertical,  except 
very  near  the  exterior  flap,  where  tne  flow  velocity  was 
comparatively  low.  Even  w.ien  0  was  made  negative,  the 
exit  flow  remained  mainly  vertical. 

Since  the  exit  flow  velocity  profile  (see  Fig.  ^Sb) 
was  parabolic  in  shape  with  the  maxlanim  velocity  at  the 
center  of  the  diffucer  and  the  flow  direction  mainly  verti¬ 
cal,  little  could  be  hopau  to  be  gained  by  increasing  the 
magnitude  o*  0  and  decreasing  7  .  However,  it  seemed  odd 
that  for  i  r  2"^  there  is  a  definite  decrease  in  lift.  It 
iB  belie v:*d  t>  t  this  is  due  to  the  large  auction  pressure  on 
the  Interxcr  1 '.sp,  especially  near  tha  Coanda  surface,  where 
the  flow  velocity  is  large.  This  suction  pressure  is  Just 
a  result,  of  the  e>  tslon  of  the  Coanda  affact  into  the  dif¬ 
fuser.  (The  .  jign.  .e  of  0  could  be  increa;  ad  to,  at 
least,  rtinuc  If/dog  ’ithout  saparation  of  tha  flow  ac  the 
bottu^  of  Che  Interior  flap. )  Tha  pressura  on  tha  upper 
portion  of  the  interior  flap,  Wnara  thara  ia  probably  sepa- 
r^t.ion  and  reattachment ,  bacomaa  mora  and  mora  nagative, 
causing  a  further  decrease  in  lift  as  0  is  increased  in 
magnitude , 


I 

I 

I 

A 
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6.  DISCUSSION  OF  RESULTS 


6.1  THE  LItnSAR  REIATICWSHIP  OF  a  AND  S 

The  linear  relationship  of  a  -  3  =  40°,  30°  and 
20°  +  2°  for  the  two-,  three-  and  four-in.  quadrant,  re¬ 
spectively  (where  d/t  has  certain  values  depending  on  the 
pressure  ratio),  determines  whether  a  meucimum  value  of  lift 
has  been  reached  for  a  particular  value  of  a(  or  3).  How¬ 
ever,  as  noted  in  Figs.  13b,  33b,  39b,  46a,  and  47b,  the 
curves  are  relatively  flat  around  the  meocimum.  This  indi¬ 
cates  that  the  conf iguration  defined  by  the  relationship  of 
(a  -  3)  is  not  necessarily  the  only  possible  one  whereby  a 
maximum  value  of  lift  can  be  obtained  for  a  particular  value 
of  a  or  3. 

From  the  results  obtained  for  the  two-  and  three-in. 

Quadrants,  it  can  be  seen  that  if  the  angle  difference 
a  -  3)  is  more  than  20  deg  from  the  observed  constant  opti¬ 
mum  (40°  for  R  ■  2.0  in.  and  30°  *  3.0  in.),  then  the 

lift  drops  appreciably.  This  fact  has  made  use  of  when  the 
four'in.  quadrant  was  tested.  The  range  of  varying  a  and 
3  about  the  optimur  value  of  a  -  3  ■  20°  +  2°  was  there¬ 
fore  reduced. 

Figures  14,  26,  which  indicate  the 

variation  of  the  non-diaensional  lift  and  drag  forces  with 
a  xn  accordance  with  the  optimum  linear  relationship  of 
a  and  3  ,  show  that  the  non-dimensional  total  lift  is  an 
almost  constant  maximum  When  3  is  larger  than  20  deg  and 
until  a  approaches  80  deg.  These  muximum  total  lift  values 
are  as  li*>ted  belowi 

wiMinB  uaio  mxitm  totai.  hft,  yn.  ./t 


- rft7"^7w 

1.50 

43.0  to  43.5 

1.89 

32.0 

2.00 

53.23 
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However,  if  p  is  increased  beyond  20  or  30  deg, 
it  is  evident  that  the  non-din>ensional  lift,  1^,  and  drag, 

Db,  measured  by  the  strain  gauge  balance,  decrease  slightly 
IS  a  and  p  are  continuously  increased  according  to  the 
Linear  relationship  of  a  -  p  =  constant. 

Since  Lb  and  Dg  are  highly  dependent  on  the 
secondary  flow  inlet  momentum,  and  since  they  both  decrease 
simultaneously,  it  must  be  inferred  that  the  secondary  flow 
..nlet  momentum  must  decrease  slightly  with  Increasing  a  , 

)r  that  the  momentum  flow  must  enter  in  a  more  vertical  di- 
ection  as  a  and  p  are  increased.  A  combination  of  these 
wo  possibilities  is  highly  likely  as  welljas  an  increase  in 
he  negative  pressure  momentum  term,  X2/2(Vg)^( 1-cos  a)(Ag), 
ssociated  with  an  increas  in  a  . 

.2  The  Secondary  Flow  Entrance 

Even  though  the  streamline  angle  of  the  secondary 
low,  e  ' ,  increases  :..n  general  with  a  ,  there  is  no  notice- 
ble  increase  in  the  total  lift  when  p  is  increased  beyond 
0  or  30  deg. 

Take  the  momentum  box  defined  In  Fig.  4  with  the 
econdary  flow  entrance  defined  by  a"'  (o<"  is  not  necessarily 
qual  to  €’•').  It  would  be  reasonable  to  assume  that,  in 
eneral,  as  a'"  is  Increased,  a"*  increases  faster  than  C", 
specially  in  the  important  region  near  the  lip  of  the  top 
xterior  flap,  where  the  momentum  per  unit  area  is  the  high- 
st.  This  more  rapid  Increase  of  near  the  top  flap's 

ip  has  the  tendency  to  decrease  the  rig's  lift  (see  Iq.  4-9) » 

In  addition  to  the  above  detrisMntal  effect  while 
ncreaslng  a  ,  the  entrarice  area,  A.  ,  of  the  secondary  flow 
as  Illustrated  in  Fig.  6)  does  not  decrease  with  a  if  a 
3  increased  beyond  about  40  deg.  The  following  three  rea- 
3ns  may  be  responsible  for  the  inability  to  decrease  the 
rea  Ag  and  consequently  potentially  to  increase  the  lifts 

(1)  the  acquiring  of  a  favorable  pressure  gradient  on 
the  metal  sheet  Joining  the  top  and  center  exterior 
flaps. 

(2)  the  blockage  of  the  entrained  flow. 

(3)  the  velocity  profile  at  the  entrance,  A^  . 
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6.2.1 


Favorable  Pressure  Gradient 


To  achieve  a  favorable  pressure  gradient  along  the 
metal  sheet  (see  Fig.  3)  attached  to  the  exterior  flaps,  the 
velocity  of  the  flow  along  It  should  continually  Increase. 

This  requires  a  continually  converging  cross-section. 

Figure  7  Illustrates  an  optlmxun  configuration  for  the  four-ln. 
quadrant  where  a  =  60°  and  p  =  40°.  Also  shown  for 
a  =  60*^  are  the  configurations  where  p  is  30^  and  50° . 

Note  that  where  ^  is  less  than  40  deg,  the  secondary  flow 
channel  is  converging.  For  p  >  40°,  the  channel,  initially 
convergent,  begins  to  diverge.  Consequently,  future  experi¬ 
mentation  should  include  some  variation  of  the  distance  at 
which  the  metal  sheet  begins  to  separate  from  < '  e  top  ex¬ 
terior  flap  (as  Indicated  as  a  dashed  line  for  p  =  50°  in 
Fig.  7). 

6.2.2  Blockage  of  the  Secondary  Flow 

As  stated  in  Ref.  3^  obstruction  of  the  secondary 
flow  is  a  major  reason  for  low  values  of  thrust  augmentation. 
Figures  1  and  2b  show  that  blockage  of  the  secondary  flow 
can  be  caused  not  only  by  the  nozzle  in  condsinatlon  with  the 
top  exterior  flap,  but  also  by  the  settling  tank,  especially 
as  a  and  ^  are  Increased. 

6.2.3  Secondary  Flow  Velocity  Profile 

The  obstruction  to  the  secondary  flow  Is  reflected 
in  the  velocity  profile  across  the  entrance,  A  ,  as  indi¬ 
cated  in  Fig.  51*  For  the  optlnun  values  of  d/t  ,  the  ve¬ 
locity,  and  thus  the  inlet  moeisntum  per  untt  area,  is  high¬ 
est  near  the  lip  of  the  top  flap.  This  seems  to  be  caused  by 
the  obstruction  of  the  flow  due  to  the  settling  tank  and  by 
the  flow's  enforced  departure  from  its  natural  path  of  en¬ 
trainment.  For  samller  values  of  a  ,  this  portion  of  the 
total  inlet  nomentum  is  tending  to  flow  in  a  less  vertical 
direction  than  for  higher  values  of  a  ,  where  the  flow  along 
the  lip  of  the  top  flap  becomes  more  vertical.  However,  for 
the  portion  of  the  secondary  flow  nearer  the  nozzle,  where 
the  momentum  per  unit  area  la  lower,  increasing  the  values 
of  a  and  ^  does  cause  that  portion  of  the  flow  to  enter 
at  an  angle  more  parallel  to  the  axis  of  the  nozzle  (l.e., 
e  or  e '  approach  90° ) . 
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Through  flow  visualization  experiments,  a  closer 
inspection  of  the  increase  in  momentum  per  unit  area  near 
the  lip  of  the  top  flap  as  well  as  the  magnitude  of  turning 
of  the  remainder  of  the  secondary  flow  as  a  ^function  of  ^ 
and  for  certain  values  of  a  and  d/t  might  be  useful  for  ' 
improvements  in  the  design  of  the  secondary  air  inlet. 

If  the  positions  of  maximum  and  minimum  velocities 
could  be  interchanged,  the  lift  on  the  Coanda  surface  could 
definitely  be  increased  (high  values  of  e ) ,  while  the  nega¬ 
tive  lift  on  the  top  exterior  flap  would  be  decreased  in 
magnitude  ( low  e ) .  Thus  the  amount  of  thrust  augmentation 
should  be  noticeably  higher. 

6.3  Thrust  Augmentation 

6.3.1  The  Deflectioi:  of  the  Secondary  Flow 

As  stated  before,  the  important  function  of  the 
top  external  flap  was  to  lessen  the  vertical  component  of 
the  inlet  momentum  without  decreasing  the  actual  magnitude 
of  the  inlet  momentum.  By  increasing  p  from  z-  :o  to  20  deg 
to  30  deg,  this  can  be  achieved  to  a  certain  ext*  it.  The 
possible  gain  in  lift  Increases  in  proportion  to  he  radius 
of  the  Coanda  surface  (although  the  maximum  poss  ble  total 
lift  is  independent  of  the  radius  used).  For  a  j^ressure 
ratio  of  I.30,  the  optimum  measured  augmentation  'S  four  per 
cent  tor  the  tvro-in.  quadrant,  but  almost  seven  F:!r  cent  for 
the  tour^ln.  quadrant.  The  reason  Is  that  for  the  smaller 
nu  dr-int,  the  velocity  over  the  nussle  and  secondary  flow 
over  the  free  surface  of  the  primary  flow  over  the  Coanda 
surface  is  noticeably  higher  for  the  condition  of  3  >  0*^ 
and  a  -  40°  for  the  two-ln.  quadrant  than  for  the  four-ln. 
quadrant  with  ^  0°  and  a  ■  20°.  This  is  illustrated  In 

Figs,  8a,  15b,  and  27a,  where  the  static  pressure  over  the 
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nozzle  Is  Inversely  proportional  to  the  radius  and  quite 
constant:  with  the  varying  channel  width.  Thus  a  greater 
portion  of  the  secondary  flow  (assuming  approximately  equal 
secondary  mass  flows)  has  a  higher  value  of  e  for  the 
quadrants  of  lower  radii,  R.  This  leads  to  a  higher  Initial 
lift.  Lb,  for  p  s=  0°  for  small  radii. 

6.3.2  Lift  on  the  Coanda  Surface 


Since  the  lift  on  the  Coanda  surface,  excluding 
the  thrust  aigmentlng  effects  of  additional  surfaces.  Is, 
according  to  theory. 


R{Pa  ■  Pc^  =  ^^^a  "  Ps^  +  Pi  *  ^  ^  >  (^-21) 

It  follows  that  for  a  certain  pressure  ratio,  nozzle,  and 
P  =  0°  ,  the  lift  should  be  a  constant  and  Independent  of 
the  quadrant's  radius  since  (?a  “  Ps)  could  be  considered 
to  be  approximately  proportional  to  (1/r)  If  the  lift  over 
the  nozzle  can  be  considered  tc  be  a  reasonable  representa¬ 
tion  of  the  magnitude  of  the  secondary  flew  velocity.  Vs  , 
at  the  free  surface  of  the  primary  flow. 

A  possible  reason  for  the  above-mentioned  higher 
velocity  of  the  non-entralned  secondary  flow  over  the  Coanda 
surface  for  smaller  radii  Is  that  in  order  for  that  portion 
of  the  secondary  flow,  which  has  not  received  direct  energy 
transfer  from  the  primary  flow,  to  avoid  undue  total  pres¬ 
sure  losses,  the  secondary  flow  must  be  ideally  Irrotatlonal, 
Thus,  the  velocity  %#ould  tend  to  be  Inversely  proportional 
to  the  magnitude  of  the  radius  of  curvature  of  Its  stream¬ 
lines.  For  a  smaller  radius  quadrant,  the  radius  of  curva¬ 
ture  of  the  secondary  flow  of  the  assumed  interface  between 
the  primary  and  secondary  flows  over  the  Coanda  surface  would 
naturally  be  lower;  thus  the  velocity  would  be  higher.  Of 
course,  the  frictional  effects  In  the  flow  prevent  a  purely 
Irrotatlonal  flow. 

However,  the  total  lift  depends  not  only  on  the 
lift  on  the  Coanda  surface,  but  also  on  the  magnitudes  of 
the  lift  on  the  nozzle  fairing  and  on  that  (usually  negative) 
acting  on  the  external  flaps. 

The  lift  on  the  exterior  flaps  Is  highly  dependent 
on  the  static  pressure  on  the  underside  of  the  top  external 
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flap.  Also,  the  velocity  profile  of  the  secondary  flow  at 
the  entrance,  ,  (Fig.  51),  indicates  a  low  presoure  and 

high  velocity  near  the  flap.  For  the  same  reason  that  the 
secondary  velocity  is  approximately  inversely  proportional 
to  the  radius  of  curvature  of  its  streamline  over  the  Coanda 
surfaces,  the  velocity  at  the  top  flap  and  its  lip  can 
probably  be  decreased  by  increasing  the  radius  of  curvature 
of  the  lip  at  its  bottom,  thereby  reducing  the  radius  of 
curvature  of  the  streamlines  near  the  lip.  If  this  velocity 
is  reduced,  then  the  negative  lift  on  the  top  flap  will  be 
reduced.  For  this  reason,  as  well  as  for  obtaining  a  con¬ 
verging  entrance  channel,  an  optimum  entrance  as  shown  in 
Fig.  5  is  suggested.  This  configuration  is  simply  a  curve 
that  is  the  envelope  of  top  and  center  flap  surfaces  shown 
in  Fig.  6  for  the  four-in.  quadrant. 

6.3.3  Thrust  Augmentation  at  Low  Pressure  Ratios 

Using  the  four- in.  quadrant  with  the  flaps  having 
the  configuration  corresponding  to  a  =  60°,  P  =  40°,  7=6° 
and  0  =  0°,  the  channel  width,  d,  was  varied  for  pressure 
ratios  of  I.30  and  1.10. 

For  the  pressure  ratio  of  1.30,  a  maximum  value  of 
thrust  augmentation  of  1.21  was  obtained  when  d/t  equaled 

25.0. 


Approximately  the  same  thrust  augmentation  was 
measured  for  a  pressure  ratio  of  1.10,  with  d/t  being  be¬ 
tween  24  and  25.  These  values  of  <I>  were  identical  with 
the  maxlmuni  thrust  auginen''.ation  for  a  pressure  ratio  of  I.50. 

6.3.4  Change  in  Pressure  Ratio  with  Constant  Throttle 
Setting 

An  increase  in  the  momentum  of  the  primary  flow 
should  result  if  a  and  p  are  increased  at  a  fixed  primary 
total  pressure,  since  the  static  pressure  at  the  nozzle  exit 
is  decreased.  However,  for  a  total  pressure,  pt,  equal  to 
1.5  times  the  atmospheric  pressure.  Pa,  the  change  in  the 
actual  pressure  is  less  than  0.3  cent.  For  example,  for 
Pt  =  2.00,  the  per  cent  change  of  Pt/Fa  still  less  than 
0.75  per  cent  for  the  configurations  investigated. 


29 


6.3.5 


Lift  on  the  External  Flaus 


As  noted  in  Pigs.  8  through  11,  15  through  23,  etc., 
where  the  non-dimensional  lift  is  plotted  against,  d/t,  the 
lift  on  the  external  flaps  Increases  rapidly  as  the  channel 
width  initially  increases.  Then,  as  the  channel  widtn  is 
increased  further,  the  flaps'  lift  approaches  a  value  close 
to  zero.  The  lift  on  the  flaps  (positive  or  negative)  de¬ 
pends  on  the  pressure  difference  acting  across  them  and  on 
the  magnitude  of  projected  horizontal  area.  If  a  and  d 
are  held  constant,  then  the  larger  the  value  of  3  ,  the 
larger  are  both  the  pressure  difference  across  the  external 
flaps  and  their  projected  horizontal  area.  The  lift  on  the 
exterior  flaps  can  only  be  positive  for  a  small  angle  of  p, 
since  only  then  is  the  projected  horizontal  flap  area  small, 
allowing  the  flow  over  the  lip  of  the  top  flap  to  cause  a 
positive  contribution  to  the  lift.  The  velocity  of  the  flow 
over  the  lip  is  increased  the  closer  the  lip  is  to  the  pri¬ 
mary  flow,  or  the  smaller  the  entrance  areas.  (Compare  the 
values  of  Lp/m  in  Figs.  27b,  28a,  and  28b,  where  the 
maximum  value  of  Lp  is  for  p  =  20° . ) 

However,  when  the  pressure  ratio  is  increased,  any 
positive  contribution  of  the  external  flaps  decreases  (see 
Figs.  4l  and  48)  and  even  becomes  negative  for  the  respective 
values  of  optimum  channel  width  and  low  values  of  p  .  It 
seems  that  the  pressure  and  frictional  forces  on  the  bottom 
exterior  flap  (at  7=6°)  offset  the  gain  attributed  to  the 
lip  of  the  top  flap  with  Increasing  pressure  ratio. 

For  the  tests  where  the  Internal  flap  was  vertical 
(<t>  s  OfJ,  the  magnitude  of  the  distance  between  the  curves, 
Ls/m  >/t  and  Lp/m  ,  for  any  value  of  d/t  represents 
the  quantity  of  non-dlmnsional  lift  on  the  Coanda  surface 
alone  (see  Figs.  8  through  11,  I5  though  23,  27  through  3I, 
etc . ) . 

6.3.6  Drag  on  the  External  Flaps.  Qp 

The  drag  Is,  of  course,  due  to  the  same  pressures 
as  the  lift,  except  that  now  the  projected  vertical  areas. 
Instead  of  the  projected  horizontal  flap  areas  determine  its 
magnitude.  Since  the  projected  vertical  area  of  the  lip  of 
the  top  flap  is  negligible,  the  drag  force  on  the  thrust 
augmenting  surface  acts  inward  or  in  the  negative  direction. 
Only  when  d/t  is  large  enough  so  that  the  vel'-i;ity  of  the 
secondary  flow  near  the  exterior  flap  is  small  does  the  flaps' 
drag  approach  zero. 
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6.3.7 


Lift  on  the  Nozale  Fairing.  Lm 


Since  there  is  a  decrease  in  pressure  over  the 
nozzle  toward  its  exit,  caused  by  the  secondary  flow  velocity 
increase,  there  will  be  a  resultant  lift  due  to  the  pressure 
difference  across  the  nozzle.  As  noted  in  Figs.  8  through 
11,  l8  and  22,  and  27  through  31  j  ^  maximum  lift  on  the 
nozzle  is  approached  as  d/t  is  increased  from  zero.  The 
value  of  d/t  where  the  maximum  nozzle  lift  occurs  is 
usually  less  than  that  value  of  d/t  corresponding  to  the 
maximum  value  of  total  lift.  As  d/t  is  increased  further, 
the  nozzle  lift,  Ln  ,  decreases  to  a  value  corresponding  to 
an  unshrouded  Coanda  surface  and  nozzle  (but  this  value  is 
not  zero) . 


The  maximum  nozzle  lift  is  the  result  of  (a)  an 
increase  in  the  secondary  flow  velocity  due  to  a  decrease  in 
its  entrance  area,  Ag,  and  (b)  the  effect  of  blockage  to  the 
secondary  flow  entrainrent,  created  by  the  boundary  of  the 
exterior  flaps.  Assuming  that  a  and  p  as  well  as  the 
entrained  secondary  mass  flow  remain  constant,  the  smaller 
the  entrance  area,  the  larger  is  the  velocity  of  the  secondary 
flow  over  the  nozzle  fairing.  However,  the  entrained  mass 
flow  is  not  constant  with  respect  to  d/t  ,  for  there  are 
blockage  or  interference  effects  on  the  secondary  flow  mix¬ 
ing  by  the  external  flaps.  As  the  exterior  flaps  are  moved 
farther  out,  this  blockage  or  obstruction  to  entrainment 
will  be  decreased  and  the  secondary  mass  flow  will  ct  nse- 
quently  increase. 

S . 3 • 8  Lengthening  of  the  Diffuser 

In  order  to  maximize  the  kinetic  energy  of  the 
exit  flow,  an  optimum  a.nount  of  mixing  should  be  achieved. 

Upon  lengthening  the  diffuser  in  increments  of  three  in.  up 
to  one  foot,  above  that  length  of  N  used  during  most  of 
the  experiments  (see  Figs.  1  and  2b),  no  significant  increase 
in  total  lift  was  observed.  Thus,  it  could  be  concludeded 
that  the  initial  length  of  the  diffuser  was  sufficient. 

6  .4  Suggestions  for  the  Increase  of  Thrust  Augmentation 

1.  At  present,  the  flexible  metal  sheet  Joining  the 
two  top  exterior  flaps  does  not  provide  a  continuously  con¬ 
verging  channel  for  large  values  of  0  and,  consequently, 
smaller  secondary  flow  entrance  areas,  A^,  In  order  that  a 
favorable  pressure  gradient  may  exist  throughout  the  entrance 
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channel,  the  metal  sheet  should  be  fastened  to  the  top  ex¬ 
ternal  flap  so  that  it  would  be  able  to  diverge  from  the  top 
flap  to  a  larger  extent.  Thus,  for  a  given  value  of  a  and 
d/t  ,  3  may  be  increased  to  a  further  extent  than  before, 
and  yet  a  converging  channel  may  still  be  maintained.  Also, 
the  middle  exterior  flap  angle,  6  (Fig.  3),  could  be  varied 
so  as  to  form  an  optimum  shaped  channel  (especially  for 
a.  ^  00^). 


2.  For  any  flow  to  be  ieentropic,  the  velocity  of 
that  flow  must  be  inversely  proportional  to  the  radius  of 
curvature  of  its  streamlines.  Consequently,  it  might  be 
advisable  to  increase  the  radius  of  curvature  as  the  lower 
portion  of  the  lip  attached  to  the  top  external  flap.  If 
the  entrance  area,  A^,  of  the  secondary  flow  (proportional  to 
the  proximity  of  the  top  flap  to  the  primary  flow)  is  not 
altered,  then  the  velocity  along  the  top  external  flap  should 
decrease,  leading  to  a  decrease  in  magnitude  of  the  negative 
lift  on  the  exterior  flaps  for  large  values  of  3  . 

Figure  5  illustrates  both  a  continuously  converg¬ 
ing  channel  and  a  large  radius  of  curvature  on  the  lower 
portion  of  the  lip, 

3.  If  it  is  desirable  to  change  the  constant  angle 
difference  (a  -  3)  in  the  linear  relationship  of  a  and  3 
while  keeping  the  radius  of  the  quadrant  constant,  then  the 
length  of  the  top  flap  could  be  altered.  However,  it  is  be¬ 
lieved  that  small  changes  in  length  will  affect  the  total 
lift  no  more  than  a  change  in  the  radius  of  the  quadrant. 

4.  According  to  Ref.  4,  related  increases  in  the  hori¬ 
zontal  and  vertical  distances  of  the  quadrant  from  the  nozzle 
exit  will  cause  a  lift  Increase  on  the  Coanda  surface.  This 
is  due  to  the  decrease  in  primary  flow  velocity  over  the 
surface  caused  by  the  air  entrained  into  the  jet  sheet  under¬ 
side.  whereby  the  frictional  losses  along  the  coanda  surface 
are  decreased. 

The  maximum  possible  angle  e  of  the.  secondary  flow 
at  the  sev-'ondary  entrance  was  90  deg  (due  to  the  boundary 
created  by  the  nozzle).  However,  in  the  case  of  horizontal 
and  vertical  gaps  (on  the  upper  side  of  the  jet  sheet),  the 
angles  of  entrainment  could  range  between  90  deg  and  l80  deg 
on  the  lower  side  (corresponding  to  high  angles  of  e«  for 
the  secondary  flow) . 
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5.  According  to  verbal  information  obtained  from  ex¬ 
periments  performed  at  the  DeHavilland  Aircraft  Company  of 
Canada,  Ltd.,  and  at  the  National  Research  Coi-ncil  of  Canada, 
Ottawa,  thrust  augmentation  devices  using  the  Coanda  effect 
were  greatly  improved  by  the  introduction  of  a  tertiary  flow 

.entrance  below  the  Coanda  surface.  The  interior  flap,  then 
separate  from  the  quadrant  and  having  a  suitable  lip,  should 
be  adjusted  vertically,  horizontally,  and  angularly  with 
respect  to  the  quadrant 

6.  In  Ref,  5,  a  four-in.  quadrant  was  used  with  1/^- 
in.  nozzle  (1  =  a  =  0).  It  was  found  that  if  the  quadrant 
was  rotated  through  20°  (such  that  the  top  of  the  quadrant 
was  rotated  away  from  the  nozzle),  the  lift  on  the  quadrant 
was  increased. 

This  increase  came  about  because  the  flow  was  ro¬ 
tated  in  such  a  way  that  the  outlet  momentum  became  a  maxi¬ 
mum  in  the  vertical  direction. 

For  a  fixed  channel  width,  d,  the  practical  diffuser 
angle  or  the  boundaries  of  the  flow  in  the  thrust  augmenta¬ 
tion  rig  diffuser  are  restricted  by  (a)  separation  along  the 
exterior  flap  (7  )>  7°)  and  (b)  the  increase  of  negative 
pressure  along  the  upper  portion  of  the  interior  flap  (due 
to  the  Coanda  effect)  with  the  increase  in  magnitude  of  0  . 
Since  two  requirements  for  high  thrust  augmentation  are  a 
high  value  of  A32  (maximum  of  two  theoretically)  and  effi¬ 
cient  mixing,  it  might  be  advisable  to  turn  the  Coanda  sur¬ 
face  and  possibly  obtain  a  high  area  ratio,  along  with 

more  efficient  mixing.  Also  with  the  increase  of  Agg  ,  the 
negative  pressures  along  the  flaps  may  be  reduced.  Further¬ 
more,  a  tertiary  entrance  may  become  more  effective, 

7.  From  the  results  obtained  from  theory  as  well  as 
from  the  velocity  and  pressure  profiles  of  the  secondary 
flow  (Fig.  51),  another  inlet  (see  point  "A"  in  Fig.  5)  just 
above  the  diffuser  on  the  exterior  flap  side  would  be  de¬ 
sirable.  Thus  the  secondary  flow  would  be  allowed  to  enter 
at  angles  of  up  to  -l80°  even  for  high  values  of  a.  (in 
the  present  configuration,  the  flow  angle  would  be  limited 
to  +90°  by  the  nozzle.)  Furthermore,  this  air  inlet  in  the 
exterior  flaps  would  allow  the  entrained  flow  to  enter  in  a 
more  natural  direction  and  may  consequently  Increase  the 
efficiency  of  the  mixing.  Also,  by  lessening  the  enforced 
departure  of  the  entrained  flow  from  its  natural  path  of 
entrainment  (that  path  of  the  entrained  flow  if  no  exterior 
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flap  was  present),  the  negative  pressure  causing  a  negative 
lift  for  higher  values  of  a  on  the  top  exterior  flap  ««oulid 
be  greatly  diminished. 

With  the  problem  of  obstruction  to  th^  secondary 
flow  decreased  by  a  suitably  shaped  exterior  flap  entrance, 
the  flap  angle,  a  ,  could  be  made  more  effective  by  increas¬ 
ing  the  entrance  angles,  e  or  e '  ,  while  a  high  velocity 
may  still  be  maintained  for  the  primary  air  flowing  over  the 
Coanda  surface.  Vs  (see  Sec.  4.4),  by  decreasing  the  entrance 
area,  Ag  ,  appropriates ly. 


7 .  CONCLUSIONS 


The  following  conclusions  can  be  drawn  from  the 
presented  experimental  results: 

1 .  The  Maximum  Total  Lift  Is  Independent  of  the  Radius 

of  the  Coandci  Surface 


When  a  pressure  ratio  of  I.50  ot  less  (I.30  and  1.10) 
was  used.,  the  thrust  augmentation  for  the  three  Coanda  sur¬ 
faces  used  was  at  a  maximum  between  1.20  and  1.21.  However, 
when  the  priirary  flow  was  approximately  sonic,  the  thrust 
augmentation  ratio  was  only  a  little  greater  than  I.I6. 

When  the  pressure  ratio  was  increased  to  2.00,  the  thrust 
augmentation  ratio,  .  decreased  slightly  to  a  little  less 
than  1,16  for  the  subsonic  nozzle. 

Consequently,  it  would  seem  that  as  the  pressure 
ratio  is  increased  above  1  50^  the  thrust  augmentation  ratio 
decreases.  This  is  in  accordance  with  the  theory  which  in¬ 
dicates  that  the  highest  thrust  augmentation  is  obtained 
when  the  flows  are  incompressible.  Also,  frictional  effects 
are  less  for  smaller  velocities. 

2 .  The  Most  Effective  Increase  Is  in  Total  Lift  Due 

to  the  Variable  Top  External  Flap 

Under  the  present  experimental  conditions,  little 
gain  in  the  total  lift,  Lm,  if  any,  is  obtained  by  increas¬ 
ing  the  ancle  of  the  top  exterior  flap  beyond  20  or  30 
deg.  The  gain  in  total  lift  that  can  be  obtained  by  in¬ 
creasing  p  from  0^  (which  corresponds  closely  to  the  use 
of  one  single  inflexible  exterior  flap)  increases  as  the 
radius  of  the  Coanda  surface  is  increased,  even  though  the 
maximum  total  lift  remains  constant  for  a  constant  pressure 
ratio.  For  a  pressure  ratio  of  1.50^  the  possible  gain  in 
total  lift  obtained  by  altering  p  from  zero  degrees  is 
approximately  four  per  cent  for  the  two-in.  quadrant  and  is 
almost  seven  per  cent  for  the  four-in.  quadrant. 

When  the  pressure  ratio  is  increased  to  I.89  and 
2  00,  the  ratio  of  the  maximur.i  lift  (at  p  ^  20°  and  a  <  80°) 
to  that  lift  obtained  for  p  5  0°  is  about  1.05. 
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As  the  pressure  ratio  vaa  Incree  3ed  beyond  1.50* 
there  ues  an  appreciable  decrease  In  naxlsnus  thrust  aiigceit- 
tatlon.  k  large  portion  of  this  decrease  is  caused  by  the 
low  aspect  ratio  of  the  thrust  amnentation  rig  resulting  in 
large  frlcti<mal  losses  for  high-velocity  flows. 
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FIG.  1  THE  THRUST  AUGMENTATION  TEST  RIG  AND  SETUP 
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FIG.  4 


DIAGRAM  INDICATIMO  THE  VAfllABLES  OF  THE 
MOMENTUM  BOXES 


EXTERIOR 

FLAP 


FIG.  5 


PROPOSED  DESIGN  OF  THE  SECONDARY  FLOV/  CHANNE 


6  CONFIGURATION  OF  THE  EXTERNAL  FLAPS  IN  RESPECT  TO 
THE  FOUR -INCH  COANDA  SURFACE  WHERE  o  -p-arAND 
d  =  3. 25  Inches 
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FIG.  7  CONFIGURATIONS  OF  THE  TOP  EXTERNAL  FLAP  FOR  j 
0(  •  60°  WITH  THE  FOUR  INCH  QUADRANT.  | 
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VABIATKM  or  TB  IR3HHD1IIEIISIOMAL  FORCES.  F/bw/T,  WITH  FLUiP  ANCl^ES  W 
A  CrOAMBA  BORFACT  RADIUS.  R  •Z.O\  FOR  A  PRESSURE  RATE)  OF  P,/P.  «  h 
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FIG.  18(b) 


F/nv/*FrwrrH'THE  NON-DIMENSiONAL  CHANNEL 
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FKJ.  32(a)  FIG 


VARlATXm  OF  THE  NON-DIMENSIONAL  FORCES,  F/m-fT.  WITH  FLAP  ANGLES  WIT] 
A  COANOA  SURFACE  RADIUS.  R  «=  4.C"  FOR  A  PRESSURE  RATIO  OF  P*/P^  ^/.90 
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FIG.  33(a)  FIG.  33(b) 
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VABIATm  (V  THE  MON-DHIEMSIONAL  FORCES,  F/m- 
A  CQAMOA  SURFACE  RADIUS.  R  «  40r,  FOR  A  PR£ 
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FIG.  43(b) 


LIATHM  OF  THE  N0N-C.>’*7ENS10NAL  FORCES.  Fim-fT.  WITH  THE  NON -DIMENSIONAL  CHANNEL 
TH.  d/t.  WITH  A  COANDA  SURFACE  RADIUS,  R  FOR  A.PRESSURE  RATIO  OF  Pf/Pa  •2.00 
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vvTPAvnr'  AND  PRESSURE  PROFILES  ACI^OSS  THE 

ENTRANCE,  Ag,  .^ITII  oC  =  6U«  /?  =  40«  d/t  =  .20  AND  R  ^  4,')"  FOR 

A  PRESSURE  RATIO  OF  1.  50 
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VELOCITY  PROFILE  FOR  =  G0“  and  /fr  -  WITH  A  FOUR  INCH 
^.UADRANT  AND  A  PRESSURE  RATIO  Cl-  1.  50 
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